The temperature dependence of the current-voltage (I-V) and capacitance-voltage (C-V) characteristics of an Au/n-type Si Schottky barrier diode (SBD) with a PEDOT:PSS interlayer was investigated. The SBD parameters, such as Schottky barrier height () B ), ideality factor (n), saturation current (I 0 ), doping concentration (N D ), and series resistance (R s ), were obtained as a function of temperature. The Richardson constant (A**) obtained from the In(I o /T 2 ) versus 1000/T plot was much less than the theoretical value for n-Si. The mean Schottky barrier height ( " È bo ) and standard deviation (· 0 ) calculated using the apparent Schottky barrier height () ap ) versus 1/2kT plot were 1.26 eV and 0.15 eV, respectively. From a fit of the modified Richardson plot of ln(I 0 /T 2
Introduction
Schottky barrier diodes (SBDs) have received significant attention in the development of various electronic devices due to their low forward voltage drop and fast switching action. There are numerous reports on the theoretical and experimental studies of SBDs, but they continue to be extensively studied to fully understand the nature of the contact. The fabrication of high quality SBDs with a low ideality factor (n) using a thin interfacial layer is one of the essential prerequisites for electronic devices. Recent research has been performed by applying conducting polymer materials to SBDs as an interfacial layer by a solution based spin-coating process. 13) It is found that performance, reliability and stability of SBDs depends on various parameters such as the fabrication process, surface preparation, density of surface states distributed at the interface, device temperature and voltage, series resistance (R S ) of the device, thermal and mechanical stability of the polymer used. Among various conducting polymers, poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS), one of the most important polymers, has recently received considerable interest because it exhibits a p-type semiconductor with a high work function (³ 5 eV), high conductivity (35300 S·cm ¹1 at room temperature), good transparency (³95% at visible region), excellent photo-stability, and good environmental stability. 4, 5) Several research groups have used PEDOT:PSS as a Schottky junction with n-type Si substrates. 610) According to previous reports, the electrical transport properties of SBDs depend highly on the conditions of the fabrication processes, such as the utilization of a particular solvent, the amount of PSS, the doping ratio of PEDOT in the PEDOT:PSS mixture, the uniformity of the PEDOT:PSS thin film, and the environmental conditions during the fabrication. As a result, there is a large variation in the electrical transport of PEDOT:PSS/n-Si SBDs. Moreover, there is no experimental study done on their temperature-dependent electrical characteristics. Analysis of the current-voltage (I-V) and capacitance-voltage (C-V) characteristics of metal-semiconductor and metal-insulator-semiconductor structures only at room temperature cannot provide detailed information regarding the current conduction mechanisms or the nature of the barrier formation at the metal-semiconductor interface. 11) On the other hand, the temperature dependence of the I-V and C-V characteristics could allow us to gain insight into different aspects of characteristics such as nature of interfacial insulator layer and carrier conduction mechanism.
In this study, we fabricated Au/n-type Si SBDs with a PEDOT:PSS interlayer using spin-coating process and reactive ion etching process (RIE). For the electrical characteristics of the Au/PEDOT:PSS/n-Si SBDs, electrical transport measurement were investigated by both I-V and C-V measurements in the temperature range from 200 to 400 K. The Schottky barrier height () B ), n, saturation current (I 0 ), doping concentration (N D ), and R S of Au/PEDOT:PSS/n-Si SBDs were extracted at different temperatures. The temperature dependence of the energy distribution of the interface state density (N SS ) profile was determined based on the variation of the ideality factor with forward bias and temperature. Temperature-dependent barrier characteristics of the Au/PEDOT:PSS/n-Si SBDs were also interpreted based on the existence of the Gaussian distribution of the . After removing native oxide, the PEDOT:PSS layer was spin-coated on a cleaned n-Si wafer, followed by baking at 150°C in air. The scanning electron microscope examination (not shown here) revealed that the thickness of the PEDOT:PSS film was approximately 60 nm. In addition, the sheet resistance of PEDOT:PSS film spin-coated on insulating glass substrate, measured by the four-point probe, was found to be ³2.6 © 10 3 ³/squre. The top Au (100 nm) electrode with 1-mm diameter (area = 7.85 © 10 ¹3 cm 2 ) was formed on PEDOT:PSS film with a metal mask by an e-beam evaporation system at a pressure of 3.99 © 10 ¹4 Pa. The redundant PEDOT:PSS film was then removed by the O 2 plasma RIE process and resulting in a circular dot shaped Au/PEDOT:PSS electrode formed on nSi. The GaIn paste was then applied to the backside of the n-Si wafer for ohmic contacts. The schematic cross section of the Au/PEDOT:PSS/n-Si SBD is shown in the inset of Fig. 1 . The I-V and C-V measurements of the Au/ PEDOT:PSS/n-Si SBD were performed using a semiconductor parameter analyzer (Agilent Technologies, 4155C) and LCR meter (Agilent Technologies, 4284A) at a temperature range of 200400 K in steps of 40 K under a dark condition. Figure 1 shows the forward and reverse bias semilogarithmic I-V characteristics of the Au/PEDOT:PSS/n-Si SBDs in the temperature range of 200 to 400 K in 40 K steps. Sixteen Au/PEDOT:PSS/n-Si SBDs were fabricated and characterized. All diodes exhibited similar electrical characteristics. Furthermore, the I-V characteristics of the fabricated devices was almost identical to that of Au/PEDOT:PSS/n-Si SBDs with the electrode size of 0.5-mm diameter (not shown here), implying that an electrode size dependence of electrical properties of Au/PEDOT:PSS/n-Si SBDs was insignificant. In other word, it is obvious that PEDOT:PSS interlayer employed here was uniformly formed in-between Au film and Si substrate. The leakage currents of the Au/ PEDOT:PSS/n-Si SBD increases with an increase in temperature and was in the range from 3.89 © 10 ¹12 A (at 200 K) to 2.78 © 10 ¹6 A (at 400 K) at ¹1 V. As shown in Fig. 1 , the diode exhibits rectifying behavior with nonlinear behavior at low voltage, and the current of the diode increases exponentially with increasing voltage, suggesting the diode behaves like a SBD. According to thermionic emission (TE) theory, the current through a SBD at a forward bias (V ² 3kT/q) is given by:
Results and Discussion
where V is the applied bias voltage, q is the electronic charge, k is the Boltzmann constant, T is the absolute temperature in Kelvin, n is the ideality factor, and I 0 is the saturation current derived from the straight-line intercept of ln(I)-V at zero bias defined by:
where A is the contact area, A** is the effective Richardson constant of 120 A cm ¹2 K ¹2 for n-type Si, 13) and ) B is the zero bias barrier height. Once I 0 is determined, the Schottky barrier height ) B (I-V) can be evaluated using the following equation:
n is introduced for consideration of the deviation of the experimental I-V data from the ideal TE theory and it was obtained from the slope of the linear region of the forward bias ln(I)-V plot and can be written from eq. (1) as:
The experimental values of ) B and n were determined from the intercepts and slopes of the forward bias ln I versus V plot at each temperature using TE theory. The experimental values of ) B (I-V) and n for the Au/PEDOT:PSS/n-Si SBD were 0.63 eV and 2.75 at 200 K to 0.97 eV and 1.49 at 400 K, respectively. Figure 2 shows the temperature-dependence of the zero-bias barrier height (BH) and ideality factor n. As shown in Fig. 2 , the n decreases and the zero bias BH increases with increasing temperature. Such n behavior can be attributed to the existence of PEDOT:PSS interlayer, particular distribution of N ss and interface states between a metal and semiconductor. Since the current transport across the contact interface is a temperature activated process, electrons at low temperature are able to overcome the lower barriers and therefore, the current transport will be dominated by the current flowing through the patches of low BHs, Temperature Dependent Current-Voltage and Capacitance-Voltage Characteristicsleading to a larger n. However, as the temperature increases, more electrons have sufficient energy to overcome the BH. An apparent increase in the n and a decrease in the BH at low temperatures are possibly caused by other effects such as thickness inhomogeneities and non-uniformity of the interfacial charges. Furthermore, the Au/PEDOT:PSS/n-Si SBD shows a nonideal I-V behavior with a large ideality factor, which may be due to the presence of the PEDOT:PSS interlayer. There are various parameters that cause deviations in ideal behavior including R S and the presence of an interfacial layer. 14) Therefore, R S of the Au/PEDOT:PSS/n-Si SBD is extracted using a method developed by Cheung and Cheun 14) at a higher current range. The calculated R s from the plot of dV/d(ln I) versus I (not shown) were 114.1 ³ at 200 K and 24 ³ at 400 K for the Au/PEDOT:PSS/n-Si SBD. The R S estimated from the plot of H (I) versus I was 145 ³ at 200 K and 32.1 ³ at 400 K. The R s calculated from the dV/d(ln I) versus I plot are in good agreement with those estimated from the H(I) versus I plot, implying their consistency and validity. Experimental results reveal that R s increases with decreasing temperature. The increase of R S with a decrease in temperature was due to factors responsible for an increase in n and the lack of free carriers at low temperatures.
Conventional TE theory is typically used to determine the BH. Alternatively, there have been several reports deviating from this classical TE theory. The Richardson plot is drawn to obtain the BH in another way. Equation (2) can be rewritten as:
The conventional Richardson plot of ln(I o /T 2 ) versus 10 3 /T is shown in Fig. 3 . The temperature dependence of the experimental ln(I o /T 2 ) versus 10 3 /T plot produces a straight line. The activation energy and Richardson constant were obtained from the slope and intercept of this straight line as 0.27 eV and 1.98 © 10 ¹7 A/cm 2 K 2 , respectively. The experimentally-obtained Richardson constant value was much less than the theoretical Richardson constant value for n-Si. Such a large discrepancy between the experimental and theoretical values of the Richardson constant could be attributed to the calculation using the temperature-dependent I-V characteristics, which may be affected by the lateral inhomogeneity of the BH and potential fluctuations due to the PEDOT:PSS interlayer.
In order to explain the abnormal deviations of the I-V characteristics of the SBD from classical TE theory, the lateral distribution of BH was adopted with a Gaussian distribution. The Gaussian distribution of the BH with a mean value Schottky barrier height ( " È bo ) and a standard deviation (· o ) yields the following expression for the BH:
where ) ap is the apparent Schottky barrier height and · 0 is the standard deviation of the ) B distribution that is typically sufficiently small to be neglected. The observed variation of n with temperature in the model is given by:
where n ap is the apparent ideality factor, μ 2 and μ 3 quantify the voltage deformation of the barrier height distribution, which may depend on temperature. Gaussian distribution may cause the decrease of zero bias BH and the influence is determined by the standard deviation. As shown in Fig. 4 , " È bo and · 0 , which correspond to the y-axis intercept and the slope of the linear fit to the plots of ) ap as a function of 1/2kT, were estimated as 1.26 eV and 0.15 eV, respectively. · 0 is a general measure of the homogeneity of the Schottky barrier, with a lower · 0 value corresponding to a more homogeneous BH. Nevertheless, this inhomogeneity and potential fluctuation dramatically affects the low temperature I-V characteristics. As compared to " È bo ðT ¼ 0Þ ¼ 1:26 eV, the · 0 = 0.15 eV is not small, implying Schottky barrier inhomogeneity in the studied SBD. As previously shown, 15) barrier inhomogeneities can occur as a result of inhomogeneities in the composition of the interfacial layer, nonuniformity of interfacial charges and interfacial layer thickness. Therefore, low temperature I-V characteristics are affected by this inhomogeneity and potential fluctuation. Figure 5 shows the plot of (n ¹1 ¹ 1) versus 1/2kT for the Au/PEDOT:PSS/n-Si SBD. According to eq. (7), this plot should be a straight line that produces the voltage coefficients μ 2 and μ 3 from the intercept and slope, respectively. Values μ 2 = ¹0.0757 V and μ 3 = ¹0.0214 V were obtained from the experimental data. The linear behavior of the plot shows that the ideality factor n expresses the voltage deformation of the Gaussian distribution of the SBD. If the value of μ 2 is negative, the BH should decrease with increasing forward bias, which is opposite to image force lowering. The value of μ 3 is indeed negative and thus, the BH increases with increasing forward bias. This bias dependence of BH in the distribution through mean BH and standard deviations leads to the temperature dependent ideality factor n in inhomogeneous SBDs. 16) The conventional Richardson plot based on the thermionic emission current mechanism exhibits nonlinearity at low temperatures. Considering eqs. (2) and (6), an expression for the modified Richardson plot according to the Gaussian distribution of the BHs can be written as
According to eq. (8), the modified Richardson plot of ln(I 0 / T 2 ) ¹ (q·) 2 /2(kT) 2 versus 1000/T should be a straight line from which the slope yields the mean " È bo and the intercept (ln AA**) at the ordinate determining A** for a given diode area A. As shown in Fig. 6 , the modified Richardson plot has quite good linearity over the whole temperature range corresponding to a single activation energy around " È bo . From this plot, the mean " È bo is 1.27 eV, which is in good agreement with the mean " È bo (1.26 eV) extracted from the plot of ) ap versus 1/2kT as shown Fig. 4 . The intercept at the ordinate of the modified ln(I 0 /T 2 ) ¹ (q·) 2 
/2(kT)
2 versus 1000/T plot produces a Richardson constant A** as 134 A K ¹2 cm ¹2 without using the temperature coefficient of the BHs. The obtained Richardson constant value is close to the theoretical value of 120 A K ¹2 cm ¹2 for n-Si. The experimental reverse-bias C-V characteristics of the Au/PEDOT:PSS/n-Si SBD over the temperature range 200 400 K are shown in Fig. 7 . C-V measurements were performed at a frequency of 1 MHz. In Schottky diodes, the depletion layer capacitance is expressed as:
where V bi is the built-in voltage, N d is the donor concentration, A is the area of the Schottky contact, and ¾ s is the dielectric constant of semiconductor ¾ s = 11.9¾ 0 for n-Si, 18) and ¾ 0 is the permittivity in a vacuum. The built-in voltage (V bi ) is determined by extrapolating the fitted line of the plotted C-V, while N D was calculated from the slope of the fitted line using the following equation:
The barrier height ) B (C-V) can be determined by the following equation.: 
where N D is the donor concentration and N C is the effective density of states in the Si conduction band edge, m* = 1.08m 0 is the effective mass of electrons in Si and m 0 is the rest mass of the electron. 20) The N D and ) B (C-V) for the Au/ PEDOT:PSS/n-Si SBD can be calculated from eq. (10) Table 1 , the donor concentration of the n-Si slightly increases as the temperature increases. At low temperatures, mostly all of the impurities were frozen out, causing a strong increase in the R S of the diode, which makes the measured capacitance appear smaller. More electrons may be frozen at the donor level in the freeze-out region and conduction mechanisms in the freeze-out regions are complex. Since the donor concentration increases, then the capacitance also increases with increasing temperature.
Additionally, the barrier heights obtained from C-V measurements were greater than those obtained from I-V measurements. The discrepancy between ) B (C-V) and ) B (I-V) can be attributed to the characteristic nature of the C-V and I-V measurement techniques, and the existence of an interfacial dipole layer or trap states at the PEDOT:PSS/n-Si interface. Additionally, the discrepancy between ) B (C-V) and ) B (I-V) can be explained by the excess capacitance and SBH inhomogeneities.
21) The current in the I-V measurement is dominated by the current that flows through the region of low SBH. Thus, the measured ) B (I-V) is significantly less than the weighed arithmetic average of the SBHs. Alternatively, the barrier height determined from the C-V or flat band was influenced by the distribution of charge at the depletion region boundary, which follows the weighted arithmetic average of the SBHs. Consequently, the SBH calculated from the zero-bias intercept assuming TE as a current transport mechanism is well below the C-V or flat-band measured BH and the weighted arithmetic average of SBHs. Furthermore, the capacitance C is insensitive to potential fluctuations on a length scale less than the space charge region and the C-V measurement probes the average junction capacitance at the interface, thereby yielding an average value for the barrier height distribution, while the I-V measurement produces a minimum value for the barrier height. 22) The N SS for the Au/PEDOT:PSS/n-Si SBD can be obtained from the forward bias I-V data by taking the voltage-dependent ideality factor nðV; T Þ with the effective barrier height È b ðV; T Þ. The parameters of nðV; T Þ and ) b (V, T) can be estimated from the following equations: 23) nðV Þ ¼ q kT
where W D is the space charge region width, ¤ is the thickness of the interfacial organic layer, ¾ i and ¾ S are the permitivities of the interfacial layer and semiconductor, and ¢(= d) eff / dV = 1 ¹ 1/n(V)) is the change in effective BH with bias voltage. As proposed by Card and Rhoderick, 23) in interface states in equilibrium with the semiconductor, the ideality factor becomes greater than unity and the N SS is given by:
Additionally, in n-type semiconductors, the energy interface states with respect to the conduction band edge (E C -E SS ) are obtained as:
The voltage dependence of n (V), and W D are substituted into eq. (13) to calculate the values of N SS as a function of (E C -E SS ). Figure 8 shows the plot of N SS as a function of (E C -E SS ) for Au/PEDOT:PSS/n-Si SBDs. The N SS value of Au/ PEDOT:PSS/n-Si SBDs decreases with increasing E C -E SS values as a function of temperature. Additionally, the N SS has exponential growth from the mid gap of Si toward to the bottom of the conduction band edge for all temperatures. Such behavior of N SS is a result of molecular restructuring and reordering of PEDOT:PSS and Si molecules at the metal/ semiconductor interface under the influence of temperature. 24) The N SS is in the range of 1.78 © 10 13 eV ¹1 cm
¹2
at 200 K to 4.8 © 10 12 eV ¹1 cm ¹2 at 400 K. These values are Table 1 Temperature-dependent values of various parameters determined from I-V and C-V characteristics of the Au/PEDOT:PSS/n-Si Schottky barrier diode.
similar to the results reported in the literature. 25, 26) The interface states and interfacial layer between the metal and semiconductor play a significant role in the determination of the Schottky barrier parameters of the devices.
The current transport mechanism dominating the reverse leakage current in the Au/PEDOT:PSS/n-Si SBD was then investigated using the electric field dependence by considering Poole-Frenkel emission and Schottky emission across the junction. The I-V expression for the Poole-Frenkel effect are given as: 27, 28) 
and for the Schottky effect,
where ¢ PF and ¢ S are the Poole-Frenkel and Schottky fieldlowering coefficients, respectively. The theoretical values for ¢ PF and ¢ S are given by:
The Poole-Frenkel and Schottky effects can typically be distinguished by values of the field-lowering coefficients.
The theoretical values of the Poole-Frenkel field-lowering coefficient (¢ PF ) and Schottky field-lowering coefficient (¢ S ) for the Au/PEDOT:PSS/n-Si SBD were ¢ PF = 2.22 © 10
The ¢ PF value is always twice the value of ¢ S . Figure 9 shows the plot of ln(I R ) versus E 1/2 for Au/PEDOT:PSS/n-Si SBDs at different temperatures. The slopes determined from the fit to the data are 2.58 © 10 ¹5 , 2.44 © 10 ¹5 , 2.39 © 10 ¹5 , 2.28 © 10 ¹5 , 1.25 © 10 ¹5 and 1.24 © 10 ¹5 eV/m 1/2 V ¹1/2 for 200, 240, 280, 320, 360, and 400 K respectively. By comparing the experimental and theoretical slopes of Au/PEDOT:PSS/ n-Si SBDs, the experimental slope determined in the low temperature region (T < 320) was closer to the Poole-Frenkel field-lowering coefficient (¢ PF ), whereas the experimental slopes in the higher temperature region (T > 320) was closer to the Schottky field-lowering coefficient (¢ S ). This indicates that Poole-Frenkel emission is dominant in the lower temperature region while Schottky emission is dominant in the higher temperature region. Therefore, the current conduction mechanism of Au/PEDOT:PSS/n-Si SBDs changed from Poole-Frenkel emission to Schottky emission in the temperature range of 320360 K.
Conclusions
The Au/PEDOT:PSS/n-Si SBDs were fabricated by simple spin-coating technique and sequential RIE process. The influence of a thin PEDOT:PSS interlayer on the electrical properties of Au/n-type Si SBDs were studied in the temperature range of 200400 K by I-V and C-V measurements. The values of ) B (I-V), ) B (C-V), n and R s of Au/PEDOT:PSS/n-Si SBDs were estimated and illustrated to be strongly temperature dependent. The investigation results revealed an abnormal decrease in the zero-bias BH and an increase in the ideality factor n with decreasing temperature. Additionally, the electrical properties confirmed that the temperature-dependent I-V characteristics of Au/ PEDOT:PSS/n-Si SBDs can be explained on the basis of TE theory with a Gaussian distribution of BHs. The Gaussian distribution has a mean BH " È bo of 1. The obtained A** value is in close agreement with the known value of 120 A/cm 2 K 2 for n-Si. The energy distribution profile of N SS is obtained from the forward bias I-V characteristics by considering the bias dependence of the effective BH (¯e) and ideality factor (n(V)), and the N SS values decreases with an increase in temperature (from 1.78 © 10 13 eV ¹1 cm ¹2 at 200 K to 4.8 © 10 12 eV ¹1 cm ¹2 at 400 K). Additionally, the experimental results showed that the Poole-Frenkel emission is the dominant mechanism in the reverse leakage current at low temperatures (200320 K), whereas Schottky emission is the dominant mechanism at high temperatures (360400 K).
